Directional loudness is that phenomenon by which the loudness of a sound may vary according to the localization of its source. This phenomenon has been mainly observed for high-frequency sounds, for sources located in the horizontal plane. Because of the acoustic shadow of the head, the left and right ear pressures are modified depending on the source azimuth and the global loudness resulting from a summation process may vary accordingly.
I. INTRODUCTION
The loudness of a sound may vary according to the location of the source. Such a phenomenon has been highlighted by presenting bands of noise through loudspeakers located at various directions around a listener in an anechoic room (Robinson and Whittle, 1960; Sivonen and Ellermeier, 2006) . As an example, a third-octave noise band centered at 5 kHz emitted by a lateral source (±90 • ) would be perceived as louder than the same sound emitted by a frontal source (0 • ). This effect, known as directional loudness, is largely accounted for by physical modifications of the stimulation. The sound pressure at each of the two ears is affected to a different extent depending on the source azimuth and the loudness that results from a binaural summation process (Sivonen and Ellermeier, 2011) is affected as well. Consequently, this effect has been mainly observed for high-frequency sounds, for which at-ear pressures are modified because of the perturbation of the sound field by the head. The resulting interaural level differences (ILD) are used for high-frequency localization, above about 1500 Hz (Moore, 2012) . Directional effects are implicitly already taken into account in the current standard for loudness calculation (ANSI S3.4, 2012) as the inputs to this model are at-ear measurements (i.e. left and right pressures that may differ according to the localization of the source). However, a more explicit consideration of directional effects, based on binaural loudness modeling, was recently proposed by Sivonen and Ellermeier (2006) and such considerations were also Koehl and Paquier, p. 4 taken into account in a model proposed by Moore and Glasberg (2007) .
When presenting third-octave noise bands through loudspeakers positioned 2 m from the listener's head in the horizontal plane, Sivonen and Ellermeier (2006) observed directional effects on overall loudness at 400 Hz. There is little acoustic shadow of the head below 500 Hz (Moore, 2012) , so the ILD is small for a distant source. Nevertheless, ILDs vary markedly from one subject to another (even below 500 Hz) and from one study to another, depending on the measurement method (Shaw, 1974) . Sivonen and Ellermeier (2006) reported that the differences in sound pressure levels they measured at the two ears were not negligible and could reach up to 5 dB at 400 Hz for an azimuth of ±90 • . However, Sivonen and Ellermeier also observed that, for one subject among eight, the directional loudness sensitivity (DLS) at 400 Hz was higher than what would be expected from the related pressure measurements (at 45 and 65 dB SPL). In addition, the data of Sivonen and Ellermeier were used by Moore and Glasberg (2007) as input to their loudness model. They reported a tendency for the measured DLS values to be slightly higher than the predicted values at 5000 Hz. Therefore, regardless of whether or not the left and right ear pressures are equal, it may be suspected that directional loudness effects are not caused only by pressure modifications. These effects might also depend on the absolute level. Such a dependence was reported by Ellermeier (2006, 2011) when comparing the levels required to achieve equal loudness in monaural and binaural listening situations. The level of a monaural stimulus needs to be increased by 3 dB near threshold but by 6-10 dB at high levels to be matched in loudness with its binaural equivalent. However, Epstein and Florentine (2012) argue that such differences are only due to the fact that monaural stimuli are not ecologically valid. They showed that increasing the ecological validity of monaural listening by providing visual cues significantly reduced these differences.
For a source placed off-axis in the horizontal plane, the left and the right ear signals differ also in their phases or arrival times, and those differences can be used as a low-frequency localization cue. According to Moore (2012) , this localization cue can be equivalently described as interaural time or phase difference for pure tones. Below 1500 Hz, sine tones are well lateralized on the basis of ITD (Zhang and Hartmann, 2006) . A few studies have investigated the influence of interaural time/phase differences on binaural loudness summation. In one of their experiments, Mulligan et al. (1985) showed, by matching the loudness of phase-shifted pure tones with that of a binaural reference tone (phase angle of 0 • ) at 74.5 dB SPL, a stepwise dependence of loudness of binaural pure tones on interaural phase. A difference of 2.4 dB in the level required for equal loudness was observed when the interaural phase of 250-Hz pure tones reached ±59 • , corresponding to an interaural time difference of ±650 µs, which is the largest value that can be obtained from Woodworth's spherical head model (1938) . Surprisingly, an increase of +2.4 dB occured if the interaural phase led to the left (−59 • ) while a decrease of −2.4 dB occured for the opposite side (+59 • ). However, this was observed using three listeners only. Algom et al. (1988) studied the relations between loudness and lateralization for binaural stimuli at suprathreshold levels (20, 40, 43, 46 and 49 dB SL) . Clicks were lateralized by introducing time differences and seven subjects were asked to estimate both the loudness and the lateralization. The results showed that the magnitude estimates continuously decreased as time differences increased. In this case, loudness appeared to decrease with lateralization whatever the side. Stimuli were presented via headphones in these two studies, and the results were not fully consistent with those obtained with loudspeakers (increase of loudness with lateralization whatever the side). Such discrepancies may be due to the relative small numbers of subjects, to the fact that headphone-presented stimuli may appear to come from inside the head and that signals with high-frequency content such as clicks would usually lead to an ILD (Moore, 2012 ).
This study investigated the possible effects of interaural time differences (ITDs) on the perception of the loudness of low-frequency pure tones (200 and 400 Hz) presented via headphones. The same sound-pressure level was produced at the two ears and the stimuli were lateralized by introducing interaural time differences only. The effect of ITD on loudness was investigated at two absolute levels (40 and 70 phon) as DLS may be level dependent.
II. EXPERIMENTAL SETUP
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The effect of ITD on loudness was investigated by matching lateralized pure tones with a diotic reference of the same frequency.
A. Stimuli
Two frequencies were used: 400 Hz (where directional effects were observed by Sivonen and Ellermeier, 2006) and 200 Hz (where presenting the same pressure at the two ears should appear more natural to the listener, acccording to Feddersen et al., 1957) .
The ITD value related to a virtual incidence angle θ inc for a sound source in the horizontal plane was derived from Kuhn's low-frequency model (1977) , which is valid below 500 Hz:
where a = 8.75 cm is the average head radius and c 0 = 340 m · s −1 is the speed of sound in the air. An ITD value obtained this way was introduced between the left and right channels of an initially diotic pure tone (that should be perceived as centered) to lateralize it. Seven virtual incidence angles (0 • , ±30 • , ±60 • and ±90 • ) were selected to study possible asymmetric effects (Mulligan et al., 1985) . Corresponding ITD values (respectively ±386 µs, ±669 µs and ±772 µs) were higher than the interaural time/phase difference thresholds at these frequencies and should enable the lateralization of pure tones, according to Zhang and Hartmann (2006) . A negative ITD means that the stimulus led on the left.
Stimuli were to be matched to diotic references whose level was fixed at either 40 or (2003). The duration of each stimulus was 1.6 s. Its onset and offset were smoothed by 100-ms-long raised-cosine functions.
B. Procedure
The loudness matching task was based on a two-interval, adaptive forced-choice procedure converging on the point of subjective equality (PSE) by following a 1-up-1-down rule (Levitt, 1971 ). This 2AFC procedure was very similar to the one used by Sivonen and Ellermeier (2006) . In each trial, a test sound (directional stimulus of variable level) and a reference sound (diotic stimulus) lasting 1.6 s each were consecutively presented in random order with a 500-ms pause in between. The task was to indicate whether the first or the second sound was perceived as louder, regardless of any other difference. The instructions were given both orally and in written form. The subject responded by clicking a button on a MATLAB graphical user interface. The sound-pressure level of the test sound was Koehl and Paquier, Directional loudness of low-frequency tones, p. 9 lowered by a given amount when the subject judged it to be louder, whereas it was increased by the same amount when the subject judged the reference to be louder. The step size was initially set to 4 dB and was decreased to 1 dB after two reversals (a reversal denotes a change in direction in the matching sequence). The starting level of each stimulus was randomly set 10 dB above or below the level of the diotic reference (Table 1) , thus providing a clearly noticeable loudness differences at the start of the matching process. A total of eight reversals was collected and the arithmetic mean of the levels at the last six of them was used to derive the PSE.
The two loudness level reference values (40 and 70 phon) were used in two different sessions that were presented in random order. In each session, the 14 adaptive sequences including pretest and break) lasted approximately 1 h and was conducted twice, on two different days, for each subject to assess test-retest variability.
Eleven (2 women and 9 men) sound engineering students (Bachelor's degree) from the University of Brest took part and were remunerated for their participation. They had normal hearing thresholds (≤ 10 dB HL) based on an audiogram taken in the month preceding this test. None of them had experience in laboratory listening tests.
C. Results
The PSE is presented as the difference between the matched level and the reference level. The PSEs obtained in each session (40 or 70 phon) were analyzed using repeated-measures analysis of variance with test repetition (2 levels), frequency (2 levels) and ITD (7 levels) as within-subjects factors.
For the 40-phon stimuli, only the effect of ITD was significant (F (6, 60) = 9.398; p < 0.001). Fig. 1 shows that the PSE tended to decrease with increasing absolute value of the ITD. According to Fisher's LSD test, the stimuli with ITDs of ±772 µs were matched at a significantly different value (p < 0.001 in both cases) than the diotic one. The stimuli with ITDs of ±669 µs were also matched at a significantly different value (p < 0.05 in both cases) than the diotic one. However, the difference of approximately 0.6 dB was of the same order as the intensity differential threshold for such stimuli (Fletcher, 1953) . The difference was approximately 1.25 dB when the interaural time difference was ±772 µs.
The PSE being negative, it can be inferred that these stimuli would have been perceived as louder than the reference if presented at the same physical level. No significant effect (F (6, 60) = 2.218; p = 0.053) or interaction involving ITD was found at 70 phon. Frequency had a significant effect (F (1, 10) = 7.941; p < 0.05). The 200-Hz stimuli were matched at a statistically higher value than the 400-Hz ones. However, the mean difference was only 0.2 dB.
III. DISCUSSION
ITDs resulted in an increase of loudness for low-frequency pure tones at a low level (40 phon). The effect depicted in Fig. 1 indicates a symmetric increase of loudness with increasing lateralization, in contrast to the observations of Mulligan et al. (1985) and Algom et al. (1988) who respectively observed an asymmetric effect and a decrease of loudness with phase/time-induced lateralization. However, these observations were based on a very small number of subjects for Mulligan et al. (1985) and on signals that should also have had ILDs for Algom et al. (1988) . The results of the present study are in agreement with previous studies of directional loudness for real sources (Robinson and Whittle, 1960; Sivonen and Ellermeier, 2006) . These studies showed that loudness increased with increasing absolute source azimuth. However, such an effect was observed by Sivonen and Ellermeier (2006) at 45 and 65 dB SPL for third-octave noise bands, whereas here it was not significant at 70 phon (77.9 or 72.6 dB SPL as indicated in Table 1 ) for pure tones. The significant effect observed at 40 phon supports the assumption that directional loudness sensitivity is not determined by at-ear pressures only, but that other parameters related to source localization (ITD in the present case) may affect the process. Koehl and Paquier, p. 13 The effect of ITD on loudness at 40 phon is comparable to the effect of interaural correlation on loudness reported by Edmonds and Culling (2009) , although this was observed at a higher level (70 dB SPL) for 1-ERB wide noisebands. Using a loudness-matching paradigm, they showed that the level of noises with an interaural correlation of 0 had to be 2 dB less than the level of noises with interaural correlations of ±1 to achieve equal loudness. According to them, such results are consistent with expectations based on theories of binaural unmasking, as uncorrelated signals might be better separated from background noise and be perceived as louder. Assuming this hypothesis holds for internal noise that is partially correlated (Yost, 1988) , our results are consistent with the observations of Zwicker and Henning (1991) on the effect of interaural phase on loudness for 250-Hz tones presented with a masking noise that was in phase at the two ears (N 0 ). Interaurally out-of-phase signals (N 0 S π condition) were perceived as louder than in-phase signals (N 0 S 0 condition). Loudness increased with increasing interaural phase difference near the masked threshold and up to 30 to 40 dB above it. This was not the case for higher tone levels, as for the results found at 70 phon in the present study. ITD-based lateralization could help separate the signal from internal noise, which could explain why loudness was effected by interaural phase at a low loudness level (40 phon) but not at a moderate loudness level (70 phon).
The effect of ITD on loudness could also be caused by "high-level" processes, as the Koehl and Paquier, Directional loudness of low-frequency tones, p. 14 lateralization of the source might be taken into account in the loudness process. The loudness increase could be aimed at focusing the listener's attention on a source that is out of the field of vision. Zahorik and Wightman (2001) showed an infuence of perceived source distance on loudness. They hypothesized that the brain is able to take source position into account to achieve loudness constancy when distance is varied. Loudness constancy was also observed by Epstein and Florentine (2012) for monaural to binaural listening situations, but could only be achieved when increasing the ecological validity of the monaural listening by providing visual cues. The possible effect of lateralization on loudness might be largely dependent on the experimental conditions, if caused by similar high-level processes, which might explain the discrepancies between studies conducted using loudspeakers and headphones. The role of such processes is still not clear, but not taking them into account is pointed out by Moore and Glasberg (2007) as a limitation of current loudness models.
IV. CONCLUSIONS
The results show that low-frequency pure tones lateralized by introducing ITDs were perceived as louder than their diotic references when presented at a low loudness level (40 phon) but not at a moderate loudness level (70 phon).
